The Brahmaputra River of South Asia is the fourth largest river in the world in terms of annual discharge. The lower Brahmaputra River basin is susceptible to catastrophic flooding with major social, economic, and public health impacts. There is relatively little rainfall and snowpack informa- tion for the watershed, and the system is poorly understood hydrologically. Using a combination of available remotely sensed and gauge data, this study analyzes snow cover, rainfall, and monsoon period discharge for a 14-yr time period . It is found that interannual rainfall variability is low and is a weak predictor of monsoon discharge volumes. Strong evidence is found, however, that maximum spring snow cover in the upper Brahmaputra basin is a good predictor of the monsoon flood volume. Despite the temporal and spatial limitations of the data, this study's analysis demonstrates the potential for developing an empirical tool for predicting large flood events that may allow an annual early window for mitigating flood damages in the lower Brahmaputra basin, home to 300 million people.
Introduction
The roles and interactions of climate factors in causing flooding in the lower Brahmaputra basin are not well understood. Improved predictions of monsoon flooding could reduce loss of life and economic damage. For example, the 1998 Brahmaputra-Ganges-Meghna flood inundated 69% of Bangladesh (Mirza 2003) , displacing over 30 million persons and causing over 1000 deaths (DMB 1998) . Of the three major rivers that contribute to flooding in Bangladesh, the Brahmaputra is the largest, with a peak discharge of up to 100 000 m 3 s −1 (Brammer 1990 ). The discharge peaks of the Brahmaputra strongly influence the timing and patterns of countrywide flooding in Bangladesh (Hofer and Messerli 1997) .
The relative contribution of rain and snow to Brahmaputra discharge is not well understood. Snow-fed Himalayan tributaries reportedly supply about 63% of the annual discharge at the Bahadurabad gauge (Bruijnzeel and Bremmer 1989) , although the actual contribution of snowmelt to the discharge is not known. Studies of Himalayan tributaries of neighboring watersheds in the region have demonstrated that snowmelt can make significant contributions to Himalayan rivers (Seidel and Martinec 2001; Singh and Kumar 1996; Singh and Kumar 1997) . Moreover, recent work in the central Nepal Himalaya finds that winter snow accounts for more than 40% of precipitation at higher elevations (>3000 m), with equivalent water amounts of more than 100 cm and high interannual variability (Lang and Barros 2004) . Similar snowfall amounts in the Himalayan portion of the Brahmaputra basin could have a significant impact on discharge variability.
In this paper we investigate relationships among Brahmaputra basin seasonal discharge volume, rainfall volume, and snow cover over the 14-yr period 1986-99 for which concurrent data are available. We focus on Brahmaputra River discharge as recorded in northern Bangladesh rather than flooded area or similar metrics because the flooded area is strongly influenced by factors such as local precipitation, preexisting water table variations, and local topography. Furthermore, accurate estimates of the flooded area in Bangladesh are not available for many years (Rashid and Pramanik 1993) . The location of our gauge site in northern Bangladesh makes it immune to backwater effects from the coast, which may play a role in other parts of the country. Other studies have explored sea surface temperature in the Bay of Bengal as a predictor of flood-affected area (Chowdhury and Ward 2007) . By using more direct predictive parameters, such as snowmelt and precipitation, our analysis attempts to increase our quantitative understanding of flood mechanisms and their relative importance.
Datasets
We restrict our analysis to the annual monsoon period (March-September), the time during which 80% of the total annual discharge occurs and destructive floods have been experienced (Chowdhury and Ward 2004) . We have defined the monsoon period to include the premonsoon months of March-May and any rainfall during these months that may influence initial soil moisture conditions prior to the monsoon flooding season.
We use three types of data: (i) daily discharge measurements taken at the Bahadurabad gauge in northern Bangladesh (Figure 1 ) generated by the Surface Water Modeling Center (SWMC) based in Dhaka, Bangladesh, from daily water level observations and a specified rating curve; (ii) regional 1°× 1°gridded monthly precipitation totals from the Global Precipitation Climatology Centre (GPCC) archive for 1986-99 (Rudolf 1993 ) and the Tropical Rainfall Measuring Mission (TRMM) data product 3B-43 for 1998-2000 (Adler et al. 2000) ; and (iii) snow cover data (approximately 1°× 1.5°grid cells) from the National Oceanic and Atmospheric Administration/National Environmental Satellite, Data, and Information Service (NOAA/NESDIS) Northern Hemisphere digital archive of weekly observations based on visual interpretation of photographic copies of shortwave remote sensing imagery available in a polar stereographic projection (Dewey and Heim 1982) . The length of our time series is limited by the availability of concurrent discharge, precipitation, and snow cover data.
Methodology
The Global 30 Arc-Second Elevation Data Set (GTOPO30, 1-km resolution) digital elevation model (DEM) was used to delineate the Brahmaputra watershed (650 300 km 2 ) upstream of the discharge gauge ( Figure 1 ). The DEM-derived watershed was then used to define appropriate regions of interest (ROIs) within which to examine precipitation and snow cover records. Monthly rain totals at the 1°grid cell resolution of the rainfall data were extracted for the ROI, and spatially and temporally integrated to estimate basinwide monsoon period rain volumes. The daily discharge data were summed over the monsoon period to calculate monsoon period flow volumes. Seasonal changes in snow cover were determined for the Brahmaputra basin (27°-31.5°N, 85°-97.5°E; Figure 1 ), excluding the southern, lower-elevation cells because they never have any snow cover. The large ROI (n ‫ס‬ 25 cells) with snow cover cell resolution of approximately 100-150 km on a side was chosen to avoid poor statistics caused by low pixel counts. The NESDIS snow cover data are binary for each cell (snow/no snow), where "snow covered" is "at least 50% snow cover on the last date of each observing period." (Robinson et al. 1993 ) For each month, we compute a snow cover value for the entire ROI (n ‫ס‬ 25 cells) by counting the number of snow-covered cells within the ROI for that month, and dividing by the maximum total possible (i.e., all ROI cells covered for all observation periods in that month). In this way, a quantitative index sensitive to the variation in snow-covered area from year to year of the selected ROI is developed.
Results and discussion
The overall monsoon period discharge for the Brahmaputra from 1986 to 1999 has a coefficient of variation (CV) of 18% (Figure 2) . A test for persistence shows no significant contribution from the previous year's discharge history. Seasonal average integrated monsoon period rainfall volumes from the 3-yr TRMM data (1998) (1999) (2000) and the 14-yr GPCC data (1986-99) are near or below the computed Brahmaputra River discharge volume over the same time period. Because there must be large losses to evapotranspiration, failure to record precipitation volume well in excess of the discharge volume suggests chronic underestimation of rainfall. Precipitation estimates in the region that are based on ground station data can be biased downward because of low station density in mountainous zones, where recent work has shown that the greatest precipitation may occur (Barros et al. 2000) . Chronic underestimation does not prevent estimated rainfall from serving as a predictor of discharge because a correction factor can be developed.
The 14-yr record of monsoon period rainfall from the GPCC dataset has an interannual CV of 10%, which is relatively low compared to the interannual discharge variability of 18%. The low interannual rainfall variability recorded by the GPCC data is supported by both the more recent TRMM data and by studies using long-term records (century) of Indian rainfall. For example, although the 1998 monsoon period Brahmaputra river discharge was 41% larger than in 1999, both the TRMM 3B-43 and GPCC datasets indicate that total monsoon precipitation was about 1% lower in 1998 than in 1999. Second, analysis of the spatial and temporal variations in rainfall in the 113 yr of record available from the Indian Meteorological Survey shows a strong trend of decreasing interannual variability in monsoon season rainfall over India as one moves to the northeast (Figure 3 ). These long-term studies indicate that the variability of precipitation on an annual basis ranges between 10% and 12% for the Indian portion of the Brahmaputra basin (Rao 1984; Parathasarathy 1984; Mooley and Shukla 1987) , similar to what we find in the more recent GPCC dataset. We find no indication of interannual variability in rainfall from any of the three precipitation data sources that is as large as that observed in the discharge records. Regressing total monsoon flow volume on total monsoon rain volume yields an R 2 of just 38%; the regression coefficient is statistically significant at the 1% level. Underestimation aside, monsoon rainfall is a weak predictor of monsoon discharge, and it particularly fails to explain the largest discharge years (1991 and 1998) during the study period of 1986-99. An additional source of variability is required to explain the higher interannual year-to-year variability in seasonal discharge volume. We note that a previous analysis (Chowdhury and Ward 2004) of precipitation records and Brahmaputra basinwide seasonal (June-September) discharge from 1962 to 2000 found a more significant correlation of R 2 ‫ס‬ 0.66. The study used the climatology of Hulme (Hulme 1994) , which is derived from interpolated sparse ground station data, available at a significantly lower spatial resolution (3.75°× 2.5°). Snow in the Himalayas is the other source of water in this region that could account for variability in flow. To explore possible relationships between snow cover and discharge we generated two indices of snow cover using the NESDIS data: maximum spring snow cover (MSC) and a snowmelt runoff index (SRI). The first index, maximum spring snow cover, simply uses the observed annual snow cover maxima as a predictive tool. The maximum fraction of cells covered with snow usually occurs in early spring during March or April of each year while the minimum fraction of cells covered with snow occurs in late fall (September or October). The interannual CV of MSC is similar to discharge (15%) and, relative to seasonal rainfall, the MSC is a much better predictor for discharge later that year with an R 2 of 0.65 ( Figure 4 ) and a p value of 0.5%. When monsoon period precipitation and the MSC are both included in a multiple regression model, R 2 rises to 0.74; the regression coefficient for MSC is statistically significant at the 0.1% level and the coefficient for monsoon period precipitation is significant at the 2.5% level. The MSC successfully predicts the two largest flood events in the record (1991 and 1998, respectively) . Neither of these events is predicted by rainfall alone. MSC is a measure of snow cover area and does not provide complete information on the volume of water in the snowpack, which is a function of snow depth, density, and area. To better account for snow water volume, we defined a snowmelt runoff index: SRI ‫ס‬ Max n snow -Min n snow , which uses the observed differences in snow cover between spring (maximum) and fall (minimum). See Figure 5 . As we have no data on snow depth and density, we applied an exponent n to explore the likely relationship between a snow-covered area and snow water volume. Because a snow-covered area has units of L 2 , where L represents units of length, and discharge has units of L 3 , some adjustment is appropriate before a linear relationship is sought between the two variables. A linear relationship between changes in a snow-covered area and water volume (equivalent to uniform snow depth and density over the region) would require n ‫ס‬ 1, while if increased snow cover is associated with thicker snowpack and greater water content in some regions (a very likely situation), n must be larger. We found that the regression analyses employing SRI improved from n ‫ס‬ 1 to n ‫ס‬ 2 but were relatively insensitive to a choice of exponent for n Ն 2, so n was assigned a value of 2 ( Figure 6 ). The SRI has a CV of 42% for the 14-yr record, more than enough to provide a source of water that can explain a discharge variability of 18%. An examination of snow cover change during 1986-2000 shows that the snowpack that melted during 1998 is anomalously high compared to other years. During the summer of 1997 the snowpack did not melt completely. We suggest that the persistence of snowpack through the 1997 summer contributed subsequently to the extreme flood in summer 1998, when melting was more complete. Regression of monsoon period flow volume on the SRI yields an R 2 of 0.60, statistically significant at the 1% level. When monsoon period precipitation and the SRI are both included in the model, R 2 increases to 0.64, though monsoon precipitation is not statistically significant.
Overall, MSC (R 2 ‫ס‬ 0.65) performs slightly better than SRI (R 2 ‫ס‬ 0.60) at explaining seasonal discharge variability. When combined with monsoon season precipitation, one obtains R 2 ‫ס‬ 0.74, which is the best model identified. MSC also has the advantage of being based solely on data that are available prior to the flooding season, and thus is a potentially useful predictive tool with a 3-5-month lead time. However, the SRI highlights the changes in observed snow-covered area and a theoretically more relevant change in the snow water reservoir. The regression results for both indices suggest that snow is an important determinant of seasonal discharge variability and that snow distribution in the mountainous regions of the Brahmaputra watershed is an important area of future research. ) of estimates of discharge volume resulting from snow cover change were explored by changing the exponents (n). Snow cover change is computed in terms of the SRI by taking the difference between maximum snow cover raised to an nth power and the minimum snow cover raised to the nth power. As shown, the regression coefficient is insensitive to choice of exponents between n = 2 and n = 3.
Conclusions
The two main limitations of the current study are the relatively short time series and the low resolution of the snow cover data. We further recognize that flooding in Bangladesh is not necessarily a simple function of discharge recorded at the Bahadurabad gauge, as local rainfall and other rivers below the gauge also contribute. We do not therefore expect a perfect correlation between any index of snowmelt and flood events. Our analysis demonstrates that despite these limitations, the currently available datasets show significant correlations between spring snow cover and monsoon season discharge in the Brahmaputra basin, and indicate potential for a predictive tool of considerable value. We hope this analysis will point the way to additional studies that can improve the empirical relationships defined here and further our understanding of the mechanistic processes responsible.
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